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Calcium chloride extractable phosphorus
Soil proﬁle
Soil system phosphorus budgetThismanuscript presents research results examining phosphorus (P)management in a soil–plant system for three var-
iables: i) internal resources of soil available phosphorus, ii) cropping sequence, and iii) external input of phosphorus
(manure, fertilizers). The research was conducted in long-term cropping sequences with oilseed rape (10 rotations)
and maize (six rotations) over three consecutive growing seasons (2004/2005, 2005/2006, and 2006/2007) in a pro-
duction farmon soils originated fromAlbic Luvisols in Poland. The soil available phosphorus pool,measured as calcium
chloride extractable P (CCE-P), constituted28% to 67%of the total phosphorus input (PTI) to the soil–plant system in the
spring. Oilseed rape and maize dominant cropping sequences showed a signiﬁcant potential to utilize the CCE-P pool
within the soil proﬁle. Cropping sequences containing oilseed rape signiﬁcantly affected the CCE-P pool, and in turn
contributed to the PTI. The PTI uptake use efﬁciency was 50% on average. Therefore, the CCE-P pool should be taken
into account as an important component of a sound and reliable phosphorus balance. The instability of the yield pre-
diction, based on the PTI, was mainly due to an imbalanced management of both farmyard manure and phosphorus
fertilizer. Oilseed rape plants provide a signiﬁcant positive impact on the CCE-P pool after harvest, improving the pro-
ductive stability of the entire cropping sequence. This phenomenonwas documented by the PTI increase duringwheat
cultivation following oilseed rape. The Unit Phosphorus Uptake index also showed a higher stability in oilseed rape
cropping systems compared to rotations based onmaize. Cropping sequences are a primary factor impacting phospho-
rusmanagement. Judicious implementation of crop rotations can improve soil P resources, efﬁciency of crop P use, and
crop yield and yield stability. Use of cropping sequences can reduce the need for external P sources such as farmyard
manure and chemical fertilizers.
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CUs cereal units
CCE-P calcium chloride extractable phosphorus
Cropping Systems:
ON onion





Pb P in straw of seed crops
Pf P fertilizer applied
Pfym farmyard manure P content
Phr P in harvest residues
PI P input to the system
PO P output from the system
PPOT P released from soil resources during the season
Pprec P content in precipitation
Psa soil P after harvest
Psee P content in seeds
Pss soil P before the start of the growing season
PTI total phosphorus input
PTO total P output from the system
PY P content in plant tissue
Indices of P balance:
GPB gross P budget
NETP net efﬁciency of total P
NPB net P balance
NPBop net P balance, optimal
PB P balance
PYG P yield gap
PYGOSR P yield gap oil seed rape rotation
PYGSMA P yield gap silage/grain maize rotation
PYGT P yield gap total
TGPB total gross P balance
TNPB total net P balance
TNPBOSR total net P balance, oil seed rape rotation
TNPBSMA total net P balance, silage/grain maize rotation
TPB total P balance
UPU unit P uptake
YCUs yield (cereal units)
YCUsT yield (cereal units) total
YCUsOSR yield (cereal units) oil seed rape
YCUsSMA yield (cereal units) silage/grain maize
TYCUs theoretical yield (cereal units)
YS yield stability
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Phosphorus is often a limiting nutrient in crop production, and is
fundamental for the efﬁcient use of nitrogen fertilizer. The main target
for optimal crop production is to synchronize phosphorus supply with
crop plant requirements during critical stages of yield development.
The maximum uptake rate of phosphorus by plants occurs around
ﬂowering but its accumulation continues until maturity. A study by
Ciampitti et al. (2013) on nutrient accumulation inmaize demonstrated
that the quantity of phosphorus stored in the crop biomass at maturity
was double that present in the plant at silking. Similar accumulation has
been found for other important seed crops like oilseed rape and wheat
(Barraclough, 1986; Barłóg et al., 2005). The phosphorus requirement
for high-yielding crops at critical stages of growth and development
can be provided through the high efﬁciency of phosphorus uptake
mechanisms. As shown by the Barber-Cushman model, the rate of Pion uptake is driven by the rate of root growth and the phosphorus con-
centration in the soil (Clarkson, 1985). Fulﬁllment of plant P nutrient re-
quirements is therefore governed by the amount of easily extractable
phosphorus during critical stages of yield development in crops.
Two sources of phosphorus are available to growing plants: soil re-
sources and added P fertilizers. Soil reservoirs are the principal source
of this nutrient (Wang et al., 2014). Soil phosphorus is highly variable
in both chemical form and the rate of release into the soil solution in
response to the crop plant requirements during yield formation. Phos-
phorus is taken up as H2PO4‐ ion by the crop from the soil solution.
Therefore, its concentration in this pool is critical to support a sufﬁcient
rate of uptake. The amount of the P in the soil solution, and its proximity
to the crop root, is decisive for both crop growth rate and nitrogen efﬁ-
ciency (Wang et al., 2010). It can be replenished by the easily available P
pools within the soil and/or through the addition of water soluble fertil-
izers. The P available from the soil solution affects plant growth over the
whole growing season, but its importance increases during ﬂowering
and grain ﬁlling (Rose et al., 2008; Skowrońska and Filipek, 2010).
Recognitionof theneed for adequatephosphorus to support cropproduc-
tion resulted in the recommendation of elevated application rates of this nu-
trient in the twentieth century (Dawson and Hilton, 2011). As a result, the
phosphorus content in the top-soil of many arable ﬁelds reached a level
that became dangerous for the environment, particularly impairing water
ecosystems. There are two pathways of phosphorus release into neighboring
ecosystems: water runoff and leaching. Water runoff is the predominant
mechanism, and particularly important in areas with high soil erosion.
Leaching is a minor component, yet these small quantities move freely
through the drainage systems into streams and rivers, loading the estuaries
with excess P (Mainstone and Parr, 2002; Schröder et al., 2004).
Crop rotation is a crop management practice that can improve over-
all crop productivity. The impact of the preceding crop can be synergis-
tic, antagonistic or neutral. In consequence, the choice of crops for a
given sequence is extremely important due to the impact of particular
plants on the physical, chemical and biological soil properties (Struik
and Bonciarelli, 1997). Therefore, management practices relying on in-
tensive cropping sequences require detailed information on nutrient
changes in the soil to better manage additional fertility requirements
of the subsequent crop.
The general strategy of phosphorusmanagement recognizes that ap-
plied fertilizer impacts both the nutritional status of the currently culti-
vated crop and the soil-available phosphorus pools. Applied phosphorus
fertilizer undergoes two main processes in the soil. The ﬁrst process
contributes directly to crop production through uptake by plants. How-
ever, the recovery of phosphorus from freshly applied fertilizer is low,
seldom exceeding 20%. The remaining portion undergoes repeated
cycles that enrich soil phosphorus pools (Iho and Laukkanen, 2012;
Wang et al., 2014). Therefore, the majority of applied phosphorus is
available to more than one single crop. This pathway of fertilizer phos-
phorus transformation in the soil body is important for construction of
cropping sequences. An additional consideration is that plants differ in
their capability to exploit soil phosphorus pools. Present knowledge
concerning the impact of particular crop plants on the in-season phos-
phorus availability is, however, limited. The most frequently cited data
are from a study regarding the effect of legumes on the amount of P
taken up by the subsequent crop (Reddy et al., 1999).
Nutrient balance is a useful tool widely used in modern agriculture.
The procedure of nutrient budgeting relies on two simple equations,
based on data quantifying the nutrient inputs and outputs in the system,
and deﬁnes two basic indicators:
Net balance ¼ nutrient input−nutrient output;kg ha−1 ð1Þ
Nutrient use efficiency ¼ nutrient output=nutrient inputð Þ  100;% ð2Þ
The key consideration in nutrient budgeting is “the system,” deﬁned
as the area under investigation. On a large scale, the phosphorus budget
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the evaluating procedure from an examination at the ﬁeld level, as
broadly discussed in the literature (Cherry et al., 2008; Öborn et al.,
2003; Oenema et al., 2003). Here, we consider two main budgeting
areas at the ﬁeld level that are deﬁned as “the system”:
1) the soil surface budget and
2) the soil system budget.
For production and environmental objectives, the ﬁeld is the prima-
ry entity for making a reliable evaluation of a given nutrient status. The
soil surface budget has been used as the ofﬁcial procedure for nutrient
status assessment at the national level in China (Chen et al., 2008).
Data on country to country comparisons, focusing on nitrogen and
phosphorus status, has also been published (Sassenrath et al., 2013).
Components of both types of ﬁeld budgets are presented here. The
key difference between these two procedures results from implementa-
tion in the “soil system budget” data concerning the soil nutrient status.
The realistic management of phosphorus in the soil–plant system
should take into account three basic principles of crop production:
1) annual crop plants are cultivated in a year-to-year ﬁxed sequence or
in monoculture,
2) seed crops differ in their phosphorus requirements during the
vegetative and reproductive periods of growth,
3) crop plants differ in their capability to extract phosphorus from the
soil resources, taking into account critical stages of requirement
and depth of soil exploration.
The effective crop production and environmentally sound strategy of
phosphorusmanagement, at the ﬁeld level, should comprise three basic
steps:
a) a nutrient balance sheet for the given cropping sequence,
b) a long-term trend of available phosphorus content evaluation, and
c) an appropriate choice of agronomic and/or environmentalmeasures
for phosphorus status correction.
The ﬁrst step is necessary to make a ﬁrst approximation of the
impact of the crop rotation on phosphorus management. The main
weakness of the soil surface budget is that it does not take into account
soil available phosphorus. In the case of the soil system budget, the soil
resources of phosphorus are considered to be key sources of phosphorus
for a crop during the critical stages of yield development. The recom-
mended practice for phosphorus applications is based on chemical
tests of available P content in the top-soil using medium or strong
extractants (Grzebisz and Oertli, 1992). However, all these methods
neglect the extent of P uptake within the crop plant. The life cycle of a
given crop depends on the phosphorus supplywithin thewhole rooting
zone, which reaches the maximum size at the beginning of ﬂowering
(Barraclough, 1986). Consequently, the entire rooting zone is exploited
by the crop, but the amount of easily available phosphorus is the factor
limiting the rate of the nutrient supply. Therefore, the rooting zone
should not be neglected in determinations of phosphorus soil status.
In agronomic practice, the deeper soil layers as sources of P are fully
neglected. The readily available phosphorus can be extracted by water
or calcium chloride. The extraction strength of the latter solution
(0.01M) is comparable to the active response of plant roots to a tempo-
rary shortage of P, duringwhich roots release protons, organic acids and
enzymes to the rhizosphere to solubilize inactive P forms (Houba and
Novozamsky, 1998; Richardson et al., 2009).
One objective of the study was to evaluate the impact of two differ-
ent cropping sequence on: i) the dynamics of the calcium chloride ex-
tractable phosphorus (CCE-P) pool at the beginning (spring) and the
end of the vegetative season (autumn), and ii) the temporal and vertical
distributions of phosphorus at the beginning and the end of the season.
The major objective of the study was to evaluate two procedures ofphosphorus budgeting within crop ﬁelds: i) the soil surface budget,
ii) the soil system budget.
“The key challenge of this paper is to explain to what extent phosphorus
management is responsible for yield stability in intensive cropping
sequences, dominated by oilseed rape or maize.”
2. Materials and methods
2.1. Study site
This study was carried out at the Górzno farm, located in central-
western Poland (51.74 N, 17.83 E). The average annual precipitation is
500 mm and the mean air temperature of 7.8 °C. This farm has 400 ha
of agricultural land, dominated by arable soils originating from sand or
loamy sand. Details concerning the general ﬁelds' characteristics are
presented in Fig. 1.
The cropping system is simple, composed of two or four crops in
sequence. The three predominant crops grown are winter oilseed
rape (OSR), silage/grain maize (SMA) and winter wheat (WW). The
acronyms presented in Table 1 indicate the intensity of the cropping se-
quence, as related to frequency of oilseed rape and/ormaize cultivation.
Winter crops, like oilseed rape and winter wheat, are sown in the third
decade of August or September of the preceding year, respectively.
Maize is sown in the 3rd decade of April. Oilseed rape is harvested in
the second or third decade of July, winter wheat and other cereals in
the ﬁrst decade of August, and maize in the ﬁrst decade of October. All
harvested products, including silage maize are sold. Straw of cereals
and OSR is exchanged for farmyard manure, which is applied to maize.
Phosphorus and potassium are commonly applied prior to sowing
at rates based on soil test ratings. As marked in Table 1, phosphorus
fertilizer was not applied to 11 of the 17 crop ﬁelds in 2005. Nitrogen
fertilizer, fungicide and insecticide applications were made according
to standard agricultural practices for each particular crop. Yield of
cereals and oilseed rape was determined by combine harvester and
maize by silage harvester expressed in t ha-1. To facilitate comparison,
yields of all crops were converted into Cereals' Units (CUs). CUs have
been proposed as an allocation method for use in life cycle assessments
of agricultural production systems to better compare yields across
different crops and cropping systems (Brankatschk and Finkbeiner,
2014).
2.2. Meteorological conditions
The experimental site is located in the area of Europe dominated by
the continental temperate climate (Jongman et al., 2006), where a high
year-to-year variability of weather indices is typical. Average climatic
conditions during the study period are summarized in Table 2. The
most deleterious climatic condition for yield performance is the short-
age of precipitation and concomitant increase in temperature. For win-
ter oilseed rape these conditions occur in April, for winter wheat –May
and June, and for maize – July. The ﬁrst crop experienced drought in the
2006/2007 season. For wheat, the worst conditions prevailed in the
2004/2005 and 2005/2006 seasons (Table 2).
2.3. Soil sampling and analysis
During the study, composite soil samples were collected from each
ﬁeld twice a year, at the beginning of each spring season for winter
crops and prior to planting the spring crops (acronym: Spring) and im-
mediately after harvest (acronym: Autumn). The one composite sample
represents an area of 4 ha, and the total number of samples taken in
each ﬁeld was adjusted to ﬁeld size. Soil samples were taken at three
depths as follows: 0–30 cm, 31–60 cm, and 61–90 cm. Soil extractable
phosphorus was determined in 0.01 M CaCl2 solution, with 5:1 soil/
Table 1
Cropping sequence of ﬁelds at the Górzno Farm. The years of full study are indicated in
bold.
Field Field acronym 2004 2005 2006 2007 2008
1 OSR1 WW1 WR0 WR OSR WW
2 OSR2 OSR WW0 WR OSR WW
3 OSR3 OSR WW0 OSR WW OSR
4 OSR4 OSR WW0 OSR WW OSR
5 OSR5 OSR WW0 OSR WW OSR
6 OSR6 OSR WW0 OSR WW OSR
7 OSR7 OSR WW0 OSR WW OSR
8 OSR8 OSR WW0 OSR WW OSR
9 OSR9 OSR OSR0 WW OSR WW
10 OSR10 OSR OSR0,f WWf OSRf WW
11 SMA1 ON WR0,f SB SMAf WW
12 SMA2 SMA SMAP WW OSR WW
13 SMA3 SMA SMAP WW OSR WW
14 SMA4 SMA SMAP SMA SB SMA
15 SMA5 SMA SMAP SMAf SMAf SMA
16 SMA6 SMA SMAP SMA SMAf SMA
17 ON ON ONP ON ON ON
1OSR —winter oilseed rape;





0no fertilizer phosphorus applied in the ﬁrst year of study;
Pphosphorus fertilizer applied in the ﬁrst year of study;
ffarmyard manure applied.
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measured using the vanadium-molybdenum method with a Specord
2XX/40 (Analytik Jena, Jena, Germany) at 436 nm wavelength
(Murphy and Riley, 1962).
Phosphorus concentrations were determined in plant tissues of
crops sampled from one m2 area at the BBCH 89 growth stage (fully
ripe; BBCH, 2001). At eachmeasurement date, the harvested plant sam-
plewas partitioned into subsamples of grain, strawand harvest residues
(stubble), and then dried (65 °C). Plant material and farmyard manure
was mineralized at 550 °C for mineral element determination and the
obtained ash was next dissolved in 3 M HNO3. The phosphorus concen-
tration was measured using the vanadium-molybdenum method with
the Specord 2XX/40 at 436 nm wavelength. Results are expressed on a
dry matter basis. The content of total phosphorus in plant parts was
calculated based on nutrient concentration and respective biomass of
each crop part.
2.4. Phosphorus budgeting
Phosphorus content in particular plant tissues was calculated using
the general formula:
P content;kg ha−1
¼ crop tissue yield kg ha−1
 
∙P concentration g kg−1
 h i
=1000 ð3ÞFig. 1.Map of theGórzno farm, located in central-western Poland (51.74N, 17.83 E). Seventeen ﬁeldswere planted in rotations of oilseed rape (OSR) or silage/maize (SMA) as described in
Table 1.
Table 2
Meteorological conditions during the study.
Months Meteorological indices
Rainfall, mm Temperature, °C
2004/2005 2005/2006 2006/2007 2000–2012a 2004/2005 2005/2006 2006/2007 2000–2012b
September 13.2 28.8 31.4 63.4 13.7 15.6 16.3 12.5
October 36.3 5.0 50.5 57.2 9.6 10.3 11.1 8.0
November 69.8 24.5 45.8 40.6 4.1 3.0 6.5 1.5
December 27.2 109.5 30.3 38.7 1.9 0.1 4.7 −1.5
January 36.1 20.6 80.6 31.2 2.1 −6.3 6.2 −2.5
February 44.2 29.4 55.4 39.9 −1.5 −1.2 1.2 −1.5
March 14.8 20.4 47.6 34.8 1.8 0.5 6.5 1.5
April 26.0 41.4 6.7 41.7 8.8 8.7 10.5 7.5
May 75.1 44.4 48.5 68.0 12.8 13.7 14.5 12.5
June 26.0 22.7 64.4 60.0 16.4 19.9 19.2 16.0
July 70.3 57.1 122.5 74.0 19.7 24.4 18.6 18.0
August 67.6 142.1 71.6 69.2 16.9 17.4 18.1 17.0
Bold numbers in Table 2 are averages for long-term rainfall and temperature, respectively.
a Average rainfall from (http://www.worldweatheronline.com/Sobotka-weather-averages/PL.aspx).
b Average of high and low temp for month (http://www.worldweatheronline.com/Sobotka-weather-averages/PL.aspx).
Table 3
Indicators of phosphorus balance.
Indicator Equation Dimension
Field surface budget
Brutto phosphorus balance (BB) BPB = PI− PO kg P ha−1
Brutto phosphorus efﬁciency (BPE) BPE = (PO/PI) · 100 %
Net phosphorus balance (NPB) NPB = PI− PY kg P ha−1
Net phosphorus efﬁciency (NPE) NPE = (PO/PY) · 100 %
Soil system budget
Brutto total phosphorus balance (BTB) BTPB = PTI− PTO kg P ha−1
Brutto phosphorus efﬁciency (BPE) BPE = (PTO/PTI) · 100 %
Net total phosphorus balance (NTPB) NTPB = PTI− PY kg P ha−1
Net total phosphorus efﬁciency (NTPE) NTPE = (PTO/PY) · 100 %
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1) Plant tissue P content (kg P ha−1): grain (cereals, maize), seeds
(oilseed rape), whole biomass (silage maize), bulbs (onion) (PY);
straw of seed crops (Pb), harvest residues – stubble of seed crops
(Phr) − product of directly measured plant biomass and P
concentration;
2) farmyard manure P content (Pfym, kg P ha−1), product of directly
measured biomass and P concentration;
3) phosphorus fertilizer applied (Pf, kg P ha−1), based on mass and the
declared content;
4) Soil P, directly measured:
a. before the spring season for a particular crop start (Pss, kg P ha−1);
b. immediately after a particular crop harvest (Psa, kg P ha−1).
5) other P sources, included in the budget:
a. P content in seeds (Psee, from 0.02 for oilseed rape to 0.8 for wheat,
kg P ha−1);
b. P content in precipitation (Pprec, 0.3 kg P ha−1).
The phosphorus content in the composite components was
calculated as:
PI ¼∑ Pf þ Pfym þ Psee þ Pprec
 
;kg P ha−1 ð4Þ
PO ¼∑ PY þ Pbð Þ; kg P ha−1 ð5Þ
PTI ¼∑ Pss þ Pf þ Pfym þ Psee þ Pprec
 
; kg P ha−1 ð6Þ
PTO ¼∑ Psa þ PY þ Pb þ Phrð Þ;kg P ha−1 ð7Þ
where: PI− P input to the system, PO− P output from the system,
PTI− total P input to the system, PTO− total P output from the
system.
Detailed procedures and equations to calculate phosphorus
budgeting are included in Table 3.
The Phosphorus Yield Gap (PYG) was calculated by the following set
of equations:
TYCUs ¼ PTI  0:5ð Þ∙CUs ð8Þ
PYG ¼ RYCUs−TYCUs ð9Þ
where: TYCUs — theoretical yield, t ha−1, RYCUs — real yield, t ha−1,The amount of P released (Ppot) from soil resources during the
season was calculated by the following equation:
Ppot ¼ PTO−PTI ð10Þ
Yield stability indices (YS) of the studied characteristics were
calculated by using the coefﬁcient of variation (CV) and applying the
following formula:
YS ¼ 100−CV %ð Þ ð11Þ
The following classes of a given characteristic were established:
1) very stable: 91–100%,
2) stable: 81–90%;
3) moderate stable: 71–80%;
4) unstable: 61–70%;
5) very unstable: b 60%.
The experimentally obtained datawere statistically analyzed by con-
ventional analysis of variance using STATISTICA 10® (StatSoft, Krakow).
The differences between treatments were evaluated with the Tukey's
test. In tables and ﬁgures, results of the F test (***, **, * indicate signiﬁ-
cance at the P b 0.1%, 1%, and 5%, respectively) are given. In the second
step of the diagnostic procedure, the simple and/or the stepwise regres-
sionwere applied to deﬁne the optimal set of variables for a given char-
acteristic. In the computing procedure, a consecutive variable was
removed from themultiple linear regressions in a step-by-stepmanner.
The best regression model was chosen based on the highest F-value.
Table 4a
Statistical evaluation of factors affecting the content of calcium-chloride extractable soil phosphorus (CCE-P) in OSR ﬁelds.
Factor Level of factor OSR1 OSR2 OSR3 OSR4 OSR5 OSR6 OSR7 OSR8 OSR9 OSR10
Year (Y)
2005 5.8a 5.8a 13.2c 6.7 8.9 7.5a 8.6 6.5a 4.2a 2.5a
2006 12.2b 12.2b 9.3b 6.3 8.8 10.7b 10.4 11.7b 8.6b 8.4b
2007 6.0a 6.0a 7.1a 6.7 6.5 5.7a 8.1 4.7a 4.8a 3.3a
F *** *** *** ns ns *** ns *** *** ***
Date of sampling (D)
Spring 7.9 7.9 8.0b 8.0b 10.6b 8.7 11.0b 6.4a 5.8 3.7a
Autumn 8.1 8.1 5.1b 5.1b 5.6a 7.2 7.1a 8.9b 6.0 5.8b
F ns ns ** ** *** ns *** *** ns ***
Soil layer, cm (S)
A 16.1c 16.1c 12.1c 12.1c 13.7c 12.8c 15.8c 15.1c 10.4c 9.1c
B 5.5b 5.5b 5.5b 5.5b 8.5b 9.1b 8.8b 5.7b 5.0b 3.5b
C 2.3a 2.3a 2.1a 2.1a 2.0a 2.1a 2.5a 2.0a 2.3a 1.6a
F *** *** *** *** *** *** ** *** *** ***
Numbers marked with the same letter are not signiﬁcantly different; ***, **, * — probability level at 0.001; 0.01; 0.05, respectively.
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3.1. Cropping sequence comparisons — yield
The ﬁnal measure of performance, integrating all crop production
activities, is yield. Heterogeneity of harvested plant material makes it
challenging to compare production methodologies for different crops
and especially cropping sequences. In order to more correctly compare
the studied cropping systems, the harvested yield of each crop was
recalculated as cereal units (CUs). This gives a more consistent compar-
ison of output for different crops and cropping systems (Brankatschk
and Finkbeiner, 2014). Two procedures were applied to determine reli-
able yield comparisons between crop rotations. The ﬁrst procedure,
analysis of variance using consecutive years as replications, showed sig-
niﬁcant differences between ﬁelds (Fig. 2). The lowest yields were re-
corded in ﬁelds where maize and onion were cultivated as long-term
monocultures (SMA5, SMA6, and ON1). The highest yield was observed
in the rotation of spring barley after several years of corn (SMA4)
(Fig. 2); the yield of this cropping sequence was nearly double com-
pared to that of the SMA-monoculture (SMA 5 and 6).
The secondmeasure of crop sequence comparison relied on a calcu-
lated index termed yield stability (YS, Eq. (11)). YS was calculated using
the coefﬁcient of variation as the indicator of year-to-year variability in
yield over a three year study period from 2005 to 2007. The production
ﬁelds showed ﬁve classes of yield stability (Fig. 2). The highest yield sta-
bility (N90%) was seen in two ﬁelds with very intensive crop rotations
(SMA2 and SMA3), composed of maize (40%), wheat (40%) and oilseed
rape (20%) over theﬁve year period from2004 to 2008. The second class
of cropping systems, with a YS index of 81–90, was recorded in OSR
rotations (OSR2, OSR3, OSR5, and OSR6). Crops grown in the OSR5
ﬁeld showed a three-year average yield of 6.4 t CUs ha−1, which is
equal to the average high yield observed in the studied cropping
sequences (average high yield = the average for ﬁelds yielding in the
range from 76 to 100%). The majority of the cropping sequences, pro-
duced in eight of the 17 ﬁelds, showed only a moderate level of yield
stability (YS 3 = 71–80%). These include OSR ﬁelds 4, 7, 8, 9, and 10,
SMA ﬁelds 1 and 5, and the ﬁeld with continuous onion production
(ON). The highest yield within this group was recorded in the SMA1
ﬁeld, sown with cereals (winter wheat, winter rye, and spring barley;
60%), maize (20%) and onion (20%). The harvested yield amounted to
5.94 CUs ha−1, which is 94% of the average high yield. This crop rotationTable 4b
Analysis of variance and interactions of CCE-P in OSR ﬁelds for three soil depths.
Type of interaction OSR1 OSR2 OSR3 OSR4
Year x date *** * *** ns
Year x soil layers ** ** * ns
Date x soil layers ** *** *** ns
Year x date x soil layers ns ns * ns
***, **, * — probability level at 0.001; 0.01; 0.05, respectively.is a good example of the advantage of mixed cropping sequences to sta-
bilize crop productivity (Struik and Bonciarelli, 1997). The unstable
yield class (YS 4) was seen in two ﬁelds, OSR1 and SMA4. The latter
ﬁeld requires special consideration as it had the highest average yield
achieved when maize was grown nearly continuously. In this cropping
sequence, the three-year average yield amounted to 7.29 t CUs ha−1,
which is 114% of the average high yield. The yield instability of mono-
culture production was corroborated by the yield harvested in the
SMA6 ﬁeld. In this case, the average yield constitutes only 68% of the
high average yield.
3.2. Cropping sequence comparisons — unit phosphorus uptake
The key challenge of this paper is to explain towhat extent phospho-
rus management is responsible for yield stability in intensive cropping
sequences, dominated by oilseed rape or maize. Unit phosphorus up-
take (UPU) is a speciﬁc crop characteristic that can be used to evaluate
the productivity of phosphoruswithin the soil–plant system, or the efﬁ-
ciency of conversion of phosphorus into yield. In practice, this index de-
scribes the amount of phosphorus in the harvested unit (one ton) of
yield and in the associated vegetative biomass. In this study, the UPU
was calculated as an average for each given rotation over the three
year study period (Fig. 3). The impact of cropping sequence on this
index was evaluated based on analysis of variance and stability class
using Eq. (11). In the group of oilseed rape crop sequences, the UPU
was almost constant, ranging from a low around 3.5 kg P t−1 (OSRs: 2,
5, 9) to a high of 4.2 kg P t−1 (OSRs: 7 and 8).
Although the variation betweenUPU for the OSR rotationswas small
and showed an overall stability of 78% (moderately stable), there was a
range of stability for the ﬁelds. The highest stability of the UPU index
was observed in the OSR5 and OSR6 ﬁelds. In the ﬁrst case, the highest
stability corresponded with the highest yield within the OSR group.
The optimum UPU for the high-yielding oilseed rape, according to
Barraclough (1989), is at the level of 8.6 kg P t−1. For wheat, this
value ranges from 3.5 to 5.0 kg P t−1 (Barraclough, 1986; Grzebisz,
2011). Therefore, the range reported in this study indicates a high
utilization efﬁciency of phosphorus.
The second group of cropping sequences, dominated by maize,
showed much more variability in UPU. The optimum UPU for a high-
yielding maize crop is 5.0 kg P t−1 (Bender et al., 2013). This level of
UPU was measured in crop sequences with maize as the dominantOSR5 OSR6 OSR7 OSR8 OSR9 OSR10
ns *** *** *** ns ***
ns ns ns * ** ns
* ns * *** ns ***
ns ns ** *** *** ***
Fig. 2. The effect of crop sequence onmean crop yield,measured in cereal units (CUs) during the three-year period (± standard error). Differences between ﬁelds are shown by a different
letter at the top of the graph (P ≤ 0.05); ⁎Yield stability class as calculated in Eq. (11), from 1 = very stable to 5 = very unstable.
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tation. Although the maize rotations showed a high UPU, there was a
high instabilitywithin that cropping system. The highest UPUs recorded
in ﬁelds with maize grown as a long-term monoculture reached an
average of 8.0 kg P t−1 (SMA5).
3.3. Calcium chloride extractable soil phosphorus (CCE-P)
Calciumchloride extractable phosphorus (CCE-P) is a soil pool that is
directly available to plants (Devau et al., 2010; Grzebisz and Oertli,
1992). Therefore, it can be assumed that this P source would show
both in-season and year-to-year variability based on plant use. In this
study, weweremost interested in evaluating the impact of cropping se-
quence on changes in the CCE-P pool. The intensity of oilseed rape cul-
tivation,measured by its frequency in a given crop rotation over the ﬁve
year period from 2004 to 2008, increased from 25% in OSR1, through
33% in OSR2, 50% in OSRs3-8, up to 60% in OSRs9 and 10 (Table 1). Phos-
phorus fertilizer was not applied in the main 2005 season for any crops
grown in OSR rotations, except ﬁeld OSR10 that received farmyard ma-
nure. Differences in available phosphorus with cropping sequences
would thus arise from changes in soil pools only. The reduction ofFig. 3. Effect of crop sequence on mean unit phosphorus uptake (UPU) during the three year p
imbalance, from 1 = very stable to 5 = very unstable.CCE-P due to a lack of freshly added phosphorus fertilizer in the 2005
cropping season was most detectable in intensively cropped ﬁelds
(Figs. 4 and 5). In the second year of the study (2006 season), the effect
of mineral phosphorus fertilizer on the CCE-P pool was quite speciﬁc
(Tables 4a and 4b, Year). A signiﬁcant increase compared to 2005 was
recorded in six of the 10 OSR ﬁelds. The amount of CCE-P in the soil
cropped with rye (OSR1 and OSR2) was the highest. In the third year
of study (2007 season), a signiﬁcant decrease in this pool was again re-
corded. An exceptionally large decrease was noted in ﬁelds sown in this
particular year with oilseed rape (OSR1, 2, 9, 10) and also in two ﬁelds
with wheat (OSR 6 and 8) (Table 4a).
The in-season variability of the CCE-P pool was observed in six of the
ten OSR ﬁelds. In ﬁve ﬁelds, representing the two-crop rotation of win-
terwheat and oilseed rape (OSR3-7), a reduction in the quantity of P av-
eraged over three years of the study was conspicuously lower after
harvest in the fall compared to that measured in the spring. In the
other ﬁve ﬁelds, the reverse trend was recorded (Table 4a, Date of Sam-
pling). However, the differences were signiﬁcant for only two ﬁelds
(OSR8 and OSR10), including the most intensively cropped ﬁeld
(OSR10) (Fig. 4). This response can be explained by the effect ofmanure
applied just before sowing oilseed rape.eriod. Differences between ﬁelds are shown by a different letter (P ≤ 0.05); ⁎Class of UPU
Fig. 4.Comparison of year-to-year and in-season ﬂuctuations of calcium chloride extractable phosphorus (CCE-P) for three oilseed rape (OSR) rotation ﬁelds. Differences between readings
are indicated by a different letter at the top of each graph (P ≤ 0.05). Capital letters at the bottom of the ﬁgures indicate depth of soil sample: A= 0–30 cm; B= 31–60 cm; C=61–90 cm.
Note difference in scale between ﬁgures.
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OSR was signiﬁcant, irrespective of the cropping sequence (Tables 4a,
Soil Layer and 4b). However, the most interesting observation is the de-
gree to which CCE-P content decreases in the soil proﬁle. Its content in
the lowest measured layer (C: 61–90 cm) can be used as the cropTable 5a




SMA1 SMA2 SMA3 SMA4 SMA5 SMA6 ON
Year (Y)
2005 5.5a 12.5b 7.3 5.8a 20.1b 11.6b 4.7a
2006 8.9b 10.4b 5.0 12.2b 20.4b 7.8a 7.3b
2007 6.3a 5.4a 5.3 6.0a 8.9a 7.2a 5.7ab
F *** *** ns *** *** *** *
Date of sampling
(D)
Spring 9.2b 8.1a 6.2 7.9 21.0b 11.1b 6.2
Autumn 4.7a 10.8b 5.5 8.1 11.9a 6.6a 5.5
F *** * ns ns *** *** ns
Soil layer, cm (S)
A 12.6c 13.3b 10.2c 16.1c 23.6b 14.3c 10.5c
B 6.2b 8.8a 5.4b 5.5b 16.3a 8.5b 5.2b
C 2.0a 6.3a 2.0a 2.3a 9.5a 3.7a 1.9a
F *** *** *** *** *** *** ***
Numbersmarkedwith the same letter are not signiﬁcantly different; ***, **, *— probability
level at 0.001; 0.01; 0.05, respectively.sequence discriminator. The most distinct impact of CCE-P on crops
was recorded for ﬁelds with 50% oilseed rape contribution in the crop
rotation, which showed all soil layers were depleted of the CCE-P pool
(Fig. 4). This indicates that rotations with a high frequency of oilseed
rape in the crop rotation exhaust the easily available P resources. This
conclusion is in accordance with results demonstrating a high require-
ment for phosphorus by oilseed rape (Barraclough, 1989; Finck, 1992).
Quite different conclusions can be observed for ﬁelds with slightly
lower frequencies of oilseed rape in the crop rotation. The depletion of
phosphorus in those ﬁelds in spite of manure applications results from
the highly specialized mechanism of P acquisition by oilseed rape,Table 5b
Analysis of variance – interactions – silage maize ﬁelds.
Type of interaction SMA1 SMA2 SMA3 SMA4 SMA5 SMA6 ON
Year x date *** ns ** *** *** *** ***
Year x soil layers ns * ns ns ns *** **
Date x soil layers * ns ns * ns *** ns
Year x date x soil layers ns ns * ns ns * ns
***,. **, * — probability level at 0.001; 0.01; 0.05, respectively.
Fig. 5. Comparison of year-to-year and in-season ﬂuctuations of calcium chloride extractable phosphorus (CCE-P) for three silage/grainmaize (SMA) rotation ﬁelds. Differences between
readings are indicated by a different letter at the top of each graph (P ≤ 0.05). Capital letters at the bottomof theﬁgures indicate depth of soil sample: A=0–30 cm; B=31–60 cm; C=61–
90 cm. Note difference in scale between ﬁgures.
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et al., 2009).
The intensive cropping sequences with oilseed rape require exami-
nation into the long-term dynamics of the easily available pool of soil
phosphorus. In general, the variability of this pool increased with in-
creasing intensity of oilseed rape cultivation. In ﬁve of ten ﬁelds sown
with oilseed rape, the CCE-P pool showed both a temporal and vertical
sensitivity to cropping sequence. As presented in Fig. 4, the year-to-
year variability of the CCE-P pool in this two-crop rotation was signiﬁ-
cant in the top-soil only after harvest. The impact of crop sequence
was apparently not important, butwheat following or preceding oilseed
rape showed a greater increase in the content of CCE-P after harvest.
This effect may be due to good conditions for oilseed residue minerali-
zation, especially after high precipitation events in May. This data
corroborates the contribution of crop residues to readily available phos-
phorus pools in the soil (Damon et al., 2014). Additional support for this
conclusion comes from measured patterns of phosphorus dynamics in
ﬁelds sown with wheat following oilseed rape (data not shown). How-
ever, the exact date of the increase in CCE-P pool is not easily predict-
able, as it is dependent on the weather.
The most intensive OSR production was conducted in ﬁelds OSR9
and OSR10. As compared to other crop sequences, this production sys-
tem resulted in the dramatic decrease in the CCE-P pool, irrespectiveof year or season (Fig. 4, OSR10). The maximum content of this pool av-
eraged across all measured soil depths, in spite of applied manure and
mineral phosphorus fertilizer, did not exceed 15 kg P ha−1. The high-
yielding oilseed rape crops, as reported by Barraclough (1989), can de-
velop an extensive root system, growing down to about 180 cm. In this
particular case, a net increase of the CCE-P pool was also recorded after
wheat harvest. The main reason for depletion of CCE-P pools in the soil
was the high yield of oilseed rape. The low content of soil phosphorus in
the springwas due to its accumulation in the oilseed rape canopy at the
beginning of spring regrowth.
Another notable consequence of crop sequence is the within-season
difference in decrease of CCE-P pools for various cropping sequences.
Field OSR5 had the highest productivity with the OSR cropping se-
quence group (Fig. 2), but did not show a year-to-year variability of
the easily extractable phosphorus (Tables 4a and 4b). However, this
ﬁeld did show the highest in-season drop in the content of the CCE-P
pool (Tables 4a and 4b). During the season, the total content of CCE-P
pool decreased by about 50% in the ﬁrst two soil layers (0–60 cm) and
by 20% in the deepest soil layer measured (61–90 cm) (Fig. 4, OSR5).
Similar results were noted for the other oilseed rape ﬁelds, with the ex-
ception of the OSR7 and OSR8 ﬁelds (data not shown), which hadmuch
lower productivity. Thus, high productivity and yield stability of the
cropping system depends of the ability of the crop to extract
Table 6
Statistical characteristics of phosphorus balance components, mean value (± standard error) — OSR ﬁelds.






































OSR1 23.6 ± 1.7 24.2 ± 20.2 11.6 ± 10.1 14.6 ± 6.3 4.9 ± 1.5 0.7 ± 0.8 12.4 ± 9.9 19.5 ± 7.1 5.6 ± 2.2 8.3 ± 22.4 36.1 ± 10.1 44.4 ± 24.2
OSR2 21.4 ± 0.8 17.3 ± 6.5 13.1 ± 11.8 11.6 ± 4.0 3.3 ± 1.8 0.8 ± 1.0 13.9 ± 11.4 14.9 ± 5.7 4.1 ± 2.0 −2.2 ± 20.8 35.2 ± 12.0 33.0 ± 11.7
OSR3 32.7 ± 4.4 26.5 ± 18.5 12.2 ± 10.6 17.3 ± 1.8 1.0 ± 1.0 1.0 ± 1.0 13.0 ± 10.4 22.2 ± 1.6 6.0 ± 1.8 4.0 ± 30.6 45.7 ± 11.6 49.7 ± 19.5
OSR4 24.1 ± 4.2 15.3 ± 3.0 11.1 ± 9.7 15.1 ± 3.0 4.0 ± 0.9 0.9 ± 0.9 12.0 ± 9.4 19.1 ± 3.8 4.9 ± 1.2 −0.8 ± 16.1 36.1 ± 10.3 35.3 ± 6.5
OSR5 30.5 ± 1.9 15.5 ± 6.3 10.5 ± 7.6 20.4 ± 2.1 2.6 ± 1.1 0.8 ± 0.8 11.4 ± 7.3 23,0 ± 3.0 3.4 ± 1.5 −2.7 ± 15.1 41.9 ± 8.1 39.2 ± 11.1
OSR6 24.9 ± 3.4 20.3 ± 10.0 11.1 ± 7.9 15.8 ± 0.4 3.9 ± 1.3 0.9 ± 1.0 12.0 ± 7.7 19.6 ± 1.6 4.8 ± 2.1 4.1 ± 18.8 36.8 ± 13.6 40.9 ± 15.0
OSR7 31.9 ± 7.4 19.9 ± 9.9 11.1 ± 9.7 10.6 ± 2.4 7.1 ± 7.6 1.1 ± 0.9 12.0 ± 9.4 17.7 ± 10.0 8.2 ± 8.3 −5.1 ± 32.9 43.8 ± 15.1 38.9 ± 17.9
OSR8 19.0 ± 16.7 32.7 ± 13.3 9.8 ± 8.9 14.0 ± 5.1 7.4 ± 8.1 1.2 ± 0.9 10.6 ± 8.6 21.4 ± 12.6 8.6 ± 8.8 25.6 ± 43.0 29.7 ± 23.3 55.3 ± 24.3
OSR9 17.2 ± 6.7 18.0 ± 7.6 13.1 ± 11.8 12.1 ± 6.0 3.6 ± 0.3 0.8 ± 0.7 13.7 ± 11.9 15.7 ± 6.0 4.5 ± 0.4 3.7 ± 12.7 30.9 ± 15.2 34.6 ± 12.4
OSR10 11.0 ± 5.9 17.3 ± 13.4 13.1 ± 10.8 12.2 ± 2.5 7.2 ± 7.3 0.6 ± 0.9 13.7 ± 11.9 19.4 ± 8.7 7.8 ± 6.8 12.7 ± 16.8 24.7 ± 14.6 37.3 ± 12.4
1071R. Łukowiak et al. / Science of the Total Environment 542 (2016) 1062–1077phosphorus from deeper soil layers. This ability of the OSR to extract P
from deeper soil layers creates a signature pattern of CCE-P pool deple-
tion for the OSR rotation.
The productivity of cropping systemswith maize and onion showed
much more year-to-year variability compared to the OSR cropping se-
quences (Fig. 2). The CCE-P content showed a signiﬁcant sensitivity to
cropping sequence, reaching the highest value in the SMA5 ﬁeld
(Tables 5a and 5b). This ﬁeld, in spite of a good supply of easily available
phosphorus, showed the lowest productivity. The in-season variability
was observed in four of the sevenﬁelds. In only one case, the CCE-P con-
tent increased signiﬁcantly in autumn compared to spring. The greatest
in-season loss, equivalent to approximately 50% of the CCE-P pool, was
noted for SMA1 and SMA5. The vertical distribution of the CCE-P pool
showed much greater variability in the SMA ﬁelds compared to the
OSR cropping system (Fig. 5), primarily due to the application of ma-
nure to three of the seven ﬁelds. As a result, deeper soil layers were
enriched with easily available phosphorus. However, the high content
of this P pool does not directly impact the productivity of the cropping
sequence. Three cases are particularly noteworthy. Theﬁrst instance oc-
curs in SMA2 and SMA3 ﬁelds, which were planted to crop rotations
with 40% maize, 40% wheat and 20% oilseed rape, but without manure
applications (Fig. 5, SMA3). During the study, phosphorus fertilizer
was only applied tomaize cultivated in 2005. The key reason for the sta-
ble productivity of these two cropping sequences was the net increase
in the CCE-P content in the autumn following maize and wheat. This
phenomenon indicates a net release of readily available phosphorus
fromboth inorganic and organic resources. In the third year, the cultiva-
tion of oilseed rape resulted in a decrease of the easily available P pool in
the autumn.
The second reason for the yield stability was an efﬁcient use of P
resources in the subsoil layers, which is observed in the SMA4 ﬁeld.
This ﬁeld had both the highest yield and the highest year-to-year yield
variability measured for all ﬁelds in the study. Maize was grown two
times in the three-year period. The key source of phosphorus wasTable 7
Statistical characteristics of phosphorus balance components, mean value (± standard error) —
























SMA1 27.6 ± 2.1 14.0 ± 10.9 5.5 ± 6.8 26.6 ± 17.2 3.5 ± 0.6 1.9 ± 1.4 6
SMA 2 24.2 ± 10.4 32.5 ± 12.4 18.0 ± 4.3 13.5 ± 3.6 4.4 ± 1.3 1.5 ± 0.3 38
SMA 3 18.6 ± 7.3 16.5 ± 6.0 13.1 ± 11.8 19.9 ± 9.6 3.7 ± 3.3 1.2 ± 1.2 33
SMA 4 26.5 ± 8.2 16.8 ± 13.9 14.5 ± 11.0 36.6 ± 26.8 4.1 ± 2.2 2.6 ± 2.1 15
SMA 5 62.9 ± 37.2 35.8 ± 35.0 13.0 ± 7.9 23.8 ± 6.0 2.4 ± 0.6 2.4 ± 0.6 34
SMA 6 33.4 ± 4.3 19.7 ± 18.4 10.8 ± 5.6 26.7 ± 18.5 6.6 ± 5.7 2.7 ± 1.8 18
ON 18.7 ± 8.4 16.5 ± 5.0 16.1 ± 17.9 13.7 ± 2.7 0.3 ± 0.1 0.6 ± 0.2 16fertilizer applied in the ﬁrst year just before sowing. The main reason
for high maize yields is the pattern of the CCE-P pool exploitation (Fig.
5, SMA4). In autumn, the top-soil CCE-P pool decreased by 30%, and
the subsoil layer from 31 to 60 cm decreased by 49%. Therefore, the P
content in the upper subsoil can be considered the yield stabilizer.
The third case is seen in ﬁelds SMA5 and SMA6, with maize sown as
a long-termmonoculture. In the ﬁrst year of the study, the ﬁeld showed
a high content of easily available phosphorus in all soil layers (Fig. 5,
SMA6). However, this high content of P was not productive, as seen
by the reduced yield (Fig. 2). Available P levels in the soil cannot account
for the lowyield. The highest yield from the SMA6ﬁeldwasharvested in
2007 and the lowest in 2005. In 2005, the content of CCE-P increased in
autumn, but the harvested yield was rather paltry, amounting to
4.4 t CUs ha−1. In 2006, in spite of a very high content of easily available
phosphorus in the spring and its high utilization bymaize, the yield was
low, achieving only 2.4 t CU ha−1. The main reason for the low yield in
2006 was an extended drought, which depressed the growth and espe-
cially the yield development of maize. In the third year, the same pat-
tern of P distribution was observed as in 2006, but yield was the
highest, amounting to 6.2 t CUs ha−1.
3.4. Phosphorus balance components
Six basic components and six composite components of the phos-
phorus balance, calculated using Eqs. (4) through (7), are presented in
Table 6 for OSR and Table 7 for SMA and ON rotations. The applied anal-
ysis of variance showed a signiﬁcant impact of cropping sequence only
on three (Pss, PI, and PTI) of the 12 characteristics. The lack of a relevant
response to cropping sequence for the other characteristics could be
accounted for by three main factors. The primary factor contributing
to increased variability was the crop sequence in a given rotation. Ex-
cluding ﬁeldswithmaize and onion grown as continuousmonocultures
(SMA5, SMA6 and ON), all other plots were planted with a different




















.2 ± 6.9 30.1 ± 17.7 5.5 ± 1.6 12.3 ± 13.2 33.7 ± 6.9 46.1 ± 15.0
.9 ± 3.4 17.9 ± 4.8 5.9 ± 1.4 −11.2 ± 10.1 63.1 ± 7.0 51.8 ± 16.4
.9 ± 10.8 23.6 ± 13.0 4.9 ± 3.8 −11.3 ± 28.0 52.5 ± 11.1 41.3 ± 18.0
.1 ± 10.8 40.7 ± 29.0 6.7 ± 3.0 18.5 ± 28.0 41.6 ± 2.6 60.1 ± 29.5
.3 ± 16.7 26.2 ± 6.6 4.8 ± 1.2 −32.8 ± 67.5 97.2 ± 45.3 64.4 ± 27.7
.3 ± 7.0 33.3 ± 16.6 9.3 ± 5.1 3.9 ± 19.9 51.7 ± 8.8 55.6 ± 18.7
.5 ± 17.9 14.0 ± 2.8 0.9 ± 0.2 −4.0 ± 8.5 35.2 ± 9.7 31.1 ± 2.1
Fig. 6. The status of total soil phosphorus at the start of the season (PTI). PSS is CCE-P content in spring; PI (Eq. (4)) is total P applied from external sources. Differences between ﬁelds are
shownby a different letter at the top of each graph (P ≤ 0.05); *Class of PTI imbalance from 1=very stable to 5= very unstable; **Relative contribution of PSS to total phosphorus input PTI.
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11 of 17 crops were not fertilized with phosphorus in any form. At the
same time, fertilizer phosphorus and farmyard manure were applied
to oilseed rape grown in ﬁeld OSR10. Three other ﬁelds with maize
also receivedmanure. The third factor of the variabilitywas theweather
during each growing season. The interaction of all these factors resulted
in an elevated variability of most components of the phosphorus
balance.
Among the six basic components, only the calcium chloride extract-
able phosphorus (CCE-P),measured in the spring (PSS), showed a signif-
icant sensitivity to the cropping sequences. The range of CCE-P PSS
content was highly variable, extending from near 10 kg P ha−1 in
the OSR10 ﬁeld to slightly above 60 kg P ha−1 in the SMA5 ﬁeld
(Fig. 6, PSS). In 11 of 17 ﬁelds, the CCE-P content ranged from 17 to
26 kg P ha−1. In the other four ﬁelds, its content was slightly above
30 kg P ha−1. The total phosphorus input (PTI) depended on the soil
phosphorus pool of PSS, which contributed from 28% to 67% of PTI
(Fig. 6). The CCE-P contribution in the OSR groupwas above 50%, except
for ﬁelds planted with 60% or more of OSR (OSR9 and 10). In the maize
dominated group, CCE-P of PSS varied from 28% to 56%. Themain reason
for this variability was farmyard manure. The frequent application of
manure, particularly to the SMA5 ﬁeld, resulted in elevated CCE-PFig. 7. The virtual yield gain or loss as a function of the total phosphorus input in the sys-
tem in the spring for the seventeen crop ﬁelds.content in the spring; the variability of CCE-P PTI accounted for both
low yields and year-to-year instability. The same level of P instability
was recorded in crop rotations with more than 60% oilseed rape. In
the OSR cropping sequences, the highest stability of PTI was measured
in the OSR5 ﬁeld, which had the highest yield for this rotation. There-
fore, a high contribution of the CCE-P to the total P supply (PTI) can be
considered a yield stabilizer. The highest stability of PTI among the stud-
ied cropping sequences was also an attribute of the SMA4 ﬁeld, which
had the highest yield of all ﬁelds. In this case, the CCE-P of PSS constitut-
ed nearly 50% of the total P input in the soil–plant system. The yield ef-
ﬁciency of cropping sequences containing both oilseed rape and maize
(ﬁelds SMA2 and SMA3) depended on the fertilizer phosphorus supply.
The regression analysis showed that the impact of the CCE-P PSS pool
on PTI dependedon the cropping sequence. This impact, as shownby the
R2, increased substantially in the OSR group of crop sequences:
All fields : PTI ¼ 1:36Pssþ 16:61 for n ¼ 17;R2 ¼ 0:62 and P ≤ 0:001 ð12Þ
OSR fields : PTI ¼ 0:714Pssþ 24:68 for n ¼ 10;R2 ¼ 0:78 and P ≤ 0:001 ð13Þ
Based on the set of data including: i) the amount of easily available
phosphorus, ii) its production efﬁciency and iii) phosphorus unitFig. 8. The Net Phosphorus Balance (NPB) as affected by cropping sequence.
Fig. 9. Phosphorus production efﬁciency as assessed by the Phosphorus Yield Gap (PYG) based on the Net Phosphorus Balance (NPB).
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quence. In the study, the production efﬁciency of total available phos-
phorus was assumed to be 50%. Both the theoretical and real yields
were used to calculate yield gain or losses in the various crop rotations.
The yield gain due to enhanced productivity of phosphorus present in
the system was recorded in 10 of 17 ﬁelds (Fig. 7). The highest yield
gain was noted for the SMA4 cropping sequence, dominated by maize
(80%) and fertilized only with fertilizer phosphorus. This ﬁeld showed
high yield instability but at the same time the input of both soil and
fertilizer phosphorus was the most stable. The high productivity of the
PTI in two other rotations, OSR10 and SMA1, can be explained by the
application of farmyard manure in these rotations.
The yield gap,which can be considered an index of the inefﬁciency of
P utilization in the particular soil–crop system,was observed in seven of
the 17 cropping sequences (Fig. 7). Themain reason for the Phosphorus
Yield Gap (PYG) development in the SMA5 ﬁeld was probably the ex-
cess of easily available phosphorus, causing a high instability of crop
growth and dry matter partitioning during the course of the growingFig. 10. The total gross phosphorus balance as affected by cropping sequence for 10 ﬁelds in oilse
in onion (ON).season, leading ﬁnally to yield decline. The applied mineral phosphorus
to SMA2 and SMA3 ﬁelds, in spite of the yield stability, was not produc-
tive enough.
3.5. Phosphorus balance indicators
Indicators of phosphorus balance have been calculated using two
procedures. The ﬁrst relies on methodology developed for the classical
“ﬁeld surface budget,” termed the Phosphorus Balance (PB) and the
second for the “soil system budget.” The second method, which also
considers the calcium chloride extractable soil phosphorus, has been
termed the total phosphorus balance (TPB). Both procedures have
been slightly modiﬁed, taking into account the amount of phosphorus
in the entire aboveground biomass or limited only to the main product.
This results in calculation of the gross (G) or net (N) phosphorus budget,
respectively.
The ﬁeld surface indicators, based on the “ﬁeld surface budget”
methodology, showed considerable similarity of results. The neted rape rotations (OSR), 6ﬁelds in silage/grainmaize rotation (SMA), and oneﬁeld planted
Fig. 11. The total net phosphorus balance as affected by cropping sequence for 10 ﬁelds in oilseed rape rotations (OSR), 6 ﬁelds in silage/grainmaize rotation (SMA), and one ﬁeld planted
in onion (ON). Differences between ﬁelds are shown by a different letter at the top of the ﬁgure (P ≤ 0.05). ⁎efﬁciency of the total net phosphorus.
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rus balance (GPB):
NPB ¼ 0:96GPBþ 4:14 for n ¼ 17;R2 ¼ 0:97 and P≤0:001 ð14Þ
TheNPBwas positive in eight cropping sequences and negative in all
others (Fig. 8). In spite of a lack of statistically signiﬁcant differences, the
difference between cropping sequences is quite distinctive. The oilseed
rape group of rotations showed a highly balanced P status, ranging from
−3 to +3 kg P ha−1. The one exception was the OSR5 ﬁeld that had a
net P balance of−9 kg P ha−1. The cropping sequence in this particular
rotation reached both the highest productivity and year-to-year stabili-
ty comparedwith other ﬁelds in theOSR group. The cropping sequences
with maize showedmuch higher variability in NPB. A net decrease was
seen in the SMA1, SMA4 and SMA6 ﬁelds. The ﬁrst two cropping se-
quences were the most productive within the group. The measured ex-
tremedepletion of soil phosphorus resources can be explained by a high
uptake efﬁciency of maize (Parentoni and Lopes de Souza Júnior, 2008).
The net positive phosphorus budget in other ﬁelds was due to an exces-
sive supply of fertilizer phosphorus, as seen in the SMA2 and SMA3
ﬁelds and especially for the SMA5 ﬁeld which received farmyard
manure.
In order to evaluate the NPB as the indicator of the accuracy of phos-
phorus management in the various cropping sequences, its values were
regressed against the respective production: i) yield (YCUs), ii) unit
phosphorus uptake (UPU), and iii) phosphorus yield gap (PYG). This
procedure was developed to discriminate a response between cropping
sequences (Total, n = 17), or OSR (n = 10), or SMA (n = 7) based on
NPB:
YCUsT ¼ 0:0021NPB2−0:061NPBþ 4:643; R2 ¼ 0:58 and NPBop
¼ 14:5 kg P ha−1 ð15Þ
YCUsOSR ¼−0:193NPBþ 4:69; R2 ¼ 0:90 and P≤0:001 ð16Þ
YCUsSMA ¼ 0:004NPB2−0:051NPBþ 3:764; R2 ¼ 0:83 and NPBop
¼ 6:4 kg P ha−1 ð17Þ
PYGT ¼−0:146NPB−1:47; R2 ¼ 0:82 and P≤0:001 ð18Þ
PYGSMA ¼−0:143NPB 1:94; R2 ¼ 0:97 and P≤0:001 ð19Þ
where: NPBop — optimum value of net phosphorus balance.Only two of the three crop characteristics were discriminated based
on theNPB. Theﬁrst equation implicitly highlights the variable relation-
ship of NPBwith yield harvested in distinctive groups of crop sequences.
The productivity of any given rotation, in general, reached the maxi-
mum provided it also had the greatest depletion of soil phosphorus
resources. The NPB optimum (NPBop) indicates a status of the lowest
productivity of phosphorus within the studied group of cropping
systems. In the case of the OSR group, the linear trend described by
Eq. (16) can be considered a rule. Thismeans that for oilseed rape, phos-
phorus supplywas not a factor limiting crop productivity. The pattern of
maize cropping sequence response to supply of phosphorus was much
more complicated due to manure applications. In fact, as corroborated
by Eq. (17), it stabilized at a level above 6.4 kg P ha−1. However, the
highest yield was harvested under conditions of the strongest phospho-
rus depletion as occurred in rotations with maize dominant and with
both maize and oilseed rape.
The phosphorus yield gap (PYG) indicator was calculated as an addi-
tional crop characteristic to assess the productivity of applied phospho-
rus (Fig. 9). This index indicates reserves of easily available P which
were not exploited by plants. Firstly, the linear trend of the calculation
indicates the reliability of the yield gap calculation procedure, based
on 50% of the total input of phosphorus. Secondly, it indicates inefﬁcient
phosphorus management, especially in crop sequences with maize. In
general, an excess of applied phosphorus resulted in PYG development
when NPB was above−10 kg P ha−1 (Fig. 9).
The “soil system budget” takes into consideration both soil and ex-
ternal sources of plant available phosphorus. In this study, the soil phos-
phorus resources were measured using 0.01 M calcium chloride as the
extractor, displacing easily available P forms into solution (Houba and
Novozamsky, 1998). Both balance indicators, termed the total gross
phosphorus balance (TGPB) and the total net phosphorus balance
(TNPB), showed signiﬁcant dependence on the total phosphorus input
(PTI). Stronger relationships were found between PTI and the TNPB
compared to the TGPB:
TGPBT ¼ 0:516PTI þ 28:31; for n ¼ 17;R2 ¼ 0:57 and P≤0:001 ð20Þ
TNPBT ¼ 0:702PTI þ 11:28; for n ¼ 17;R2 ¼ 0:71 and P≤0:001 ð21Þ
TNPBOSR ¼ 0:866PTI−14:21; for n ¼ 10;R2 ¼ 0:66 and P≤0:01 ð22Þ
TNPBSMA ¼ 1:026PTI−38:68; for n ¼ 7;R2 ¼ 0:88 and P≤0:001 ð23Þ
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(Fig. 10). This indicates that for this group of crop rotations, phosphorus
supply was not a limiting factor of crop productivity. The calculated
amount may even indicate an excess of easily available phosphorus in
these soil–plant systems. More interesting are those cropping systems
that had greater potential for exploration of soil phosphorus reserves.
In only two cases, OSR10 and SMA1 ﬁelds, the extra phosphorus taken
up by the crops can be explained as resulting from the applied manure.
In seven other cases, it was probably a crop speciﬁc action. This pattern
of phosphorus budget utilization implicitly emphasizes the active im-
pact of oilseed rape on soil phosphorus availability (Hinsinger, 2001;
Richardson et al., 2009). It is necessary to stress that this crop efﬁciently
exploited phosphorus resources fromall soil layers, especially below the
top-soil. Itwas also observed that the CCE-P pool increased in the season
following oilseed rape.
These results indicate that oilseed rape residues can be both a valu-
able source of phosphorus for the crop grown in the next season and/or
the source of dry matter for soil organisms. The ﬁrst explanation of the
CCE-P year-to-year and in-season variability supports the hypothesis
proposed by Damon et al. (2014). The second hypothesis results from
the fact that oilseed residues, naturally rich in calcium, can stimulate
the rate of organic matter mineralization. As a result, the local concen-
tration increase of N-NH4+, its subsequent oxidation, and also CO2
and/or organic acid production could result in local soil pH changes,
resulting in release of easily ﬁxed phosphorus from the soil resources
(Singh and Amberger, 1998; Xu et al., 2006).
It is necessary to emphasize that the TGPB can be treated as the indi-
cator of net phosphorus release from soil resources during the growing
season. In this study, it has been applied as the predictor of YCUs, UPU,
and PYG. Among these three dependent variables, only the ﬁrst and
third indices showed sensitivity to the TGPB. The principal relationship
was signiﬁcant for all cropping sequences:
YCUsT ¼−0:047TGPBþ 4:899; for n ¼ 17;R2 ¼ 0:36 and P≤0:01 ð24Þ
YCUsSMA ¼−0:068TGPBþ 5:051; for n ¼ 7;R2 ¼ 0:68 and P≤0:01 ð25Þ
PYGT ¼−0:095TGPB 1:456; for n ¼ 17;R2 ¼ 0:48 and P≤0:01 ð26Þ
PYGSMA ¼−0:119TGPG−1:569; for n ¼ 7;R2 ¼ 0:63 and P≤0:01 ð27Þ
The ﬁrst two equations clearly indicate that yields in cropping se-
quences, but especially in those with maize, responded negatively to
the increasing TGPB. The second set of equations stress that the yield
gain was an attribute of cropping sequences with negative values of
the TGPB. Much stronger dependence took place in maize-dominated
rotations.
The pattern of cropping sequence impact on the TNPBwas signiﬁcant
(Fig. 11), and the three-year average TNPB was positive for each of the
studied crop rotations. The impact of the PTI was much more signiﬁcant
on the TNPB in the maize rotations than in the OSR rotations. The ob-
served difference between both balance indicators implicitly indicates
the importance of crop byproducts and crop residues in maintaining the
phosphorus balance. In the case of the TNPB, the net phosphorus efﬁcien-
cy varied from 21% to 88%. The lowest value was measured in the SMA2
ﬁeld, which had a good yield that was also stable. The highest efﬁciency
was recorded in the SMA4 ﬁeld. These results indicate that maize is a
very efﬁcient plant in using easily available phosphorus resources.
The TNPB index was also tested as the predictor of YCUs and PYG.
YCUsT ¼−0:039TNPBþ 5:952; for n ¼ 17;R2 ¼ 0:37 and P≤0:01 ð28Þ
YCUsSMA ¼−0:043TNPBþ 6:128; for n ¼ 7;R2 ¼ 0:53 and P≤0:05 ð29Þ
PYGT ¼−0:084TNBPþ 0:803; for n ¼ 17;R2 ¼ 0:55 and P≤0:001 ð30ÞPYGOSR ¼−0:092TNPBþ 1:124; for n ¼ 10;R2 ¼ 0:33 and P≤0:05 ð31Þ
PYGSMA ¼−0:079TNPGþ 0:44; for n ¼ 7;R2 ¼ 0:55 and P≤0:05 ð32Þ
Theﬁrst two equations, but especially Eq. (29), indicate the potential
of maize to exploit easily available phosphorus in the soil–plant system.
The second group of equations clearly show that an excess of easily
available phosphorus in the soil–plant system leads to an increase in
the yield gap.
Another factor of good nutrientmanagement is its efﬁciency. The in-
dices calculated based on the ﬁeld surface method were unrealistically
high. Themain reason was themanner of phosphorus fertilizer applica-
tion. The lack of application results in a very low input through seeds/
grains but simultaneously a higher output. Efﬁciency indices calculated
using full input and output showed much lower and reasonable ranges
of variability. The net efﬁciency of total phosphorus (NETP) is very inter-
esting because it showed a signiﬁcant relationship with the PYG. As
shown in Fig. 12, the PYG for the whole cropping sequences reached
“0”when the NEPT was around 60%. This relationship allowed discrim-
inating both groups of crop sequences:
OSR : PYG ¼ 0:0026NEPT2 þ 0:326NETP−9:954;
for R2 ¼ 0:69 and NEPTop ¼ 62:7%
ð33Þ
SMA : PYG ¼ 0:093NETP−6:594;
for n ¼ 7;R2 ¼ 0:85 and P≤0:001
ð34Þ
4. Conclusions
The key objective of the studywas to determine the best approach to
phosphorus management in crop rotations, considering both yield and
yield stability in a given cropping sequence. Yields harvested in the
OSR cropping sequences were as a rule much less variable than those
harvested in cropping sequences with maize. The highest yield in the
OSR cropping sequences was obtained in the rotation with the lowest
year-to-year variability of the Unit Phosphorus Uptake (UPU) index. In
addition, its values were much lower than frequently cited in the
literature. This indicates a high uptake and utilization efﬁciency of phos-
phorus in the soil–plant system dominated by oilseed rape. In maize-
dominated rotations, the UPU indices showed greater variability, indi-
cating an inefﬁcient use of phosphorus by plants present in the system.
It has been assumed that the calcium chloride extractable phospho-
rus pool, due to its direct availability to crop plants, is crucial for reliably
evaluating the role of phosphorus in yield development and crop per-
formance for different cropping sequences. This study clearly indicates
the impact of crop sequences on the CCE-P pool both in-season and
the year-to-year variability. The typical in-season variability of soil P
pools in oilseed rape rotations results in substantial depletion of the
CCE-P pool within the soil proﬁle to a depth of 90 cm after harvest com-
pared to that measured in the spring. Depletion of the CCE-P resources
was greatest in crop rotations with oilseed rape planted in more than
50% of the crop rotation. The typical year-to-year variability was
observed as an increase in CCE-P pool for wheat following oilseed
rape. The greatest increase in CCE-P is most frequently observed in the
top-soil. High productivity and stability of cropping systems with oil-
seed rape in the rotation depend of the capability of this particular
crop to extract phosphorus with high intensity from deeper soil layers,
as observed for OSR5.
The CCE-P in-season and year-to-year variability increased provided
manure is applied, especially inmaize cropping systems. A high increase
of the CCE-P pool in the entire soil proﬁle does not necessarily result in a
yield increase. Phosphorus inmanure can increase yield provided appli-
cation is infrequent and crop rotations are used. This was observed in
the rotations with onion, cereals and maize or with a high intensity of
P-demanding crop, like oilseed rape (OSR10). In rotations with
Fig. 12. The Net Efﬁciency of Total Phosphorus (NETP) and the Phosphorus Yield Gap
(PYG) measured in cereal units (CU) for the seventeen ﬁelds used in the study.
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depended on the crop potential to exploit the CCE-P pool in the subsoil.
This is the key reason for the success of the maize-barley rotation
(SMA4).
The cropping sequence affects the CCE-P pool, which signiﬁcantly
contributed to the total P input (PTI). The highest yields were observed
in cropping sequences with the highest stability of PTI (OSR5 and
SMA4; Figs. 2, 6). The importance of the CCE-P for the PTI pool was, in
fact, signiﬁcant in the OSR based rotations. The PTI pool, assuming 50%
efﬁciency of phosphorus, was used with the respective UPU values to
calculate a virtual productivity, i.e. potential yield, of each of the studied
cropping sequences. In the second step, the Phosphorus Yield Gap
(PYG) was calculated based on phosphorus present in the system in
spring. The instability of the yield prediction, based on the PTI, was
due to an imbalanced management of both farmyard manure and
phosphorus fertilizer. An excessive application of manure results in
ineffective use of phosphorus by plants. However, when mineral fertil-
izers are applied, it leads to yield stability.
The observed results implicitly documented that the UPU index was
less variable in rotations with oilseed rape. It is necessary to stress that
maize fertilized with phosphorus but not with manure uses soil P re-
sources more efﬁciently than oilseed rape (SMA1 and SMA4). The NPB
corroborated the hypothesis that the PYG is an indicator of the inefﬁ-
cient management of phosphorus (PTI) in a given crop rotation. It
showed a high correlation with the PYG, clearly indicating that its
increase above−10 kg P ha−1 leads to development of the yield gap.
It can be concluded that a slight negative balance of P is an indicator
of a sound sequence of crops in the given cropping system.
The Total Gross Phosphorus Balance (TGPB) clearly showed that in
nine of 17 cropping sequences phosphorus uptake relied on the soil re-
sources and not on applied P from either manure or chemical fertilizers.
Both oilseed rape andmaize showed a large potential to exploit soil P re-
source. In addition, crop yields responded negatively to increasing
values of this index. The Total Net Phosphorus Balance (TNPB) was the
ﬁrst positive measurement for each of the studied rotations, indirectly
indicating the importance of byproducts and crop residues in phospho-
rus soil fertility maintenance. This index corroborated the observation
that the P yield gap (PYG), as an index of inefﬁcient management of P
in the system, was more serious in maize than in OSR rotations. The
Net Efﬁciency of Total Phosphorus (NETP) index showed that values
above 60% were a criterion for the balanced use of phosphorus in the
studied soil–crop system, as indicated by the PYG equal to zero.
With declining phosphorus resources, growing concerns of nutrient
loss to streams, and increasing intensiﬁcation of crop production sys-
tems, alternative sources of nutrients for crop production are needed.
The results presented here offer an intriguing opportunity to better
link P cycling, and overall nutrient status, in crop production systems
through judicious implementation of crop rotations. Altering crop pro-
duction between high P-demanding crops, such as maize, with cropsbetter able tominedeep-placed soil P, such as oilseed rape, offer farmers
alternative methods for nutrient management. Utilizing crop rotations
to improve nutrient use and nutrient use efﬁciency in the cropping sys-
temmay reduce the dependence on external sources of P fertilizers that
increase the costs of production and can potentially contribute to envi-
ronmental contamination.Acknowledgments
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